1. Introduction {#s0005}
===============

Sexually transmitted diseases (STDs), with \>1 million acquired every day worldwide, are now the most common group of notifiable infectious diseases in most countries, particularly in the age group of 15 to 50 years and infants \[[@bb0005]\]. Over eight pathogens are linked to the STDs with the greatest incidence, among which four are currently incurable viral infections: hepatitis B, herpes simplex virus (HSV), human immunodeficiency virus (HIV) and human papillomavirus (HPV) \[[@bb0010]\].

Herpesvirus is a family of medium-sized enveloped DNA virus, divided into α, β, γ subfamilies, and HSV belongs to the human Herpesviridae α subfamily. HSV is one of the most common pathogens in humans and is frequently reported to be responsible for herpetic encephalitis, herpes keratitis, genital herpes, neonatal infections, myocarditis and other diseases that are widely spread by humans to humans \[[@bb0015]\]. There are two distinct types in HSV infections of the central nervous system, HSV-1 (which produces most cold sores) and HSV-2 (which produces most genital herpes) \[[@bb0020]\]. It is estimated that \>500 million people aged 15--49, approximately 16% of the population globally in this age range, are carriers of HSV-2, a virus with a risk of mortality up to 70% when left untreated \[[@bb0025]\]. HSV-2 infection usually causes characteristic lesions on the mucous membranes and skin surrounding the genitals \[[@bb0025]\]. After the initial or primary infection, some infected people experience sporadic episodes of viral reactivation or outbreaks. In addition, the seroprevalence of HSV-2 in women is higher than that in men and transmission of HSV-2 during childbirth can cause complications in neonates resulting in brain damage or death. Simultaneously, HSV-2 infection increases the risk of HIV acquisition by approximately three-fold \[[@bb0030]\], and the increase in risk is even greater in those with a newly-acquired HSV-2 infection.

The nucleoside analog acyclovir (ACV) discovered in 1974 is currently the only Food and Drug Administration (FDA)-approved treatment for HSV-2 infection \[[@bb0035]\]. In clinical trials, it can modulate the course of the disease and decrease the transmission risk but cannot cure the disease. Furthermore, ACV has a single mechanism of action against HSV-2 that requires active site coordination, which can easily lead to drug resistance and cross-resistance. This resistance is a major threat that could reduce the impact of antiviral drugs against STIs worldwide, especially among HIV-infected patients in regions and immunocompromised patients where only limited treatment options are available \[[@bb0040]\]. Therefore, there is an urgent need to develop a novel drug with different mechanism of action against HSV-2 infection due to the disease severity.

ARB, a small molecule indole derivative developed by the Russian Center for Medicinal Chemistry in 1993 and already licensed in Russia and China, is reported as an anti-influenza agent with immunomodulatory properties \[[@bb0045]\], but its clinical application has been limited regionally. It can not only interfere with virus-induced membrane fusion, but also degrade viral RNA (mRNA) to inhibit protein synthesis and thereby block the early replication of the virus \[[@bb0050]\]. In addition, ARB can also induce interferon (IFN) release in the host peripheral blood \[[@bb0055]\]. Recent studies extended its inhibitory activity to other human viruses, including respiratory syncytial virus (RSV), rhinovirus (RHV), hepatitis C virus (HCV), coxsackievirus (CVB), severe acute respiratory syndrome (SARS), herpes simplex virus type I (HSV-1) and the influenza mutant strains resistant to amantadine and oseltamivir \[[@bb0060]\]. YS Boriskin et al. demonstrated that ARB has a prophylactic effect on HCV infection and inhibits HCV replication \[[@bb0045]\]. ARB exerted even significantly antiviral activity against Hantaan virus (HTNV) that reduced pathological changes, decreased viral loads and regulated serum TNF-α levels in infected tissues \[[@bb0065]\]. ARB inhibits CVB-5 virus replication in vitro and in vivo, the mechanism by which is to block viral adsorption and the late stage(s) of viral replication, thus exerting a long-lasting antiviral effect \[[@bb0070]\]. In addition, recent data showed that ARB exerts a direct antiviral effect on the early viral replication of SARS virus in GMK-AH-1 cells \[[@bb0075]\], but its specific mechanism and clinical application still need further study. Perfetto et al. revealed that ARB exhibited the ability to influence HSV-1 replication through reduction of viral expression and modulation of the cytokine pathway \[[@bb0080]\]. ARB showed a strong therapeutic effect, even better than ACV on HSV-2 infection in the rabbit model of viral keratitis \[[@bb0085]\]. In two trials, the superior efficacy of ARB compared with ribavirin was demonstrated in patients with influenza virus and the prophylactic use of ARB reduced acute respiratory virus infection and the incidence of secondary viral- bacterial pneumonia \[[@bb0090],[@bb0095]\]. Based on ARB\'s chemical structure, 17 metabolites, of which some may play antiviral and anti-inflammatory roles and could be useful as drug prototypes, could be identified in human urine after administration of a single 300 mg-dose of ARB to healthy people \[[@bb0100]\]. On the other hand, the clinical value of ARB is underestimated due to its regional application in China and Russia. ARB, with its unique pharmacological action, low toxicity and good tolerability, is considered a promising broad-spectrum antiviral drug.

In previous work, our results clarified the activity of ARB in both suppressing influenza virus propagation and modulating the expression of inflammatory cytokines in vitro and in vivo \[[@bb0105]\]. To explore the pharmacological activity of different ARB administration methods against other human infectious diseases and to better understand its antiviral mechanism of action to improve its clinical promotion, we first evaluated the in vitro efficacy of ARB against HSV-2 in nontoxic concentrations and determined its potential antiviral mechanisms. We then accessed the effect of ARB on pathological morphology, inflammatory cytokine levels, and changes in CD4^+^ and CD8^+^ peripheral blood T lymphocyte subsets in a mouse vaginitis model with HSV-2.

Therefore, this study will provide more support that ARB could be used clinically to provide some protection against other STDs, such as herpes, and take to prophylactically treat patients to decrease the risk of HIV acquisition.

2. Materials and methods {#s0010}
========================

2.1. Cell culture and virus preparation {#s0015}
---------------------------------------

An African green monkey kidney cell line (Vero cells) was purchased from the American Tissue Culture Collection (ATCC) and was cultured using Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% glutamine at 37 °C in a humidified atmosphere of 5% CO~2.~ Cells were grown as a monolayer with a complete medium change every 2--3 days, and then trypsinized and seeded in a variety of microplates in serum-free medium for each experiment.

The HSV-2 virus (333 strains) gifted from the Institute of Tropical Medicine in Guangzhou University of Chinese Medicine was passaged and titred in Vero cells in our laboratory and stored at −80 °C for further use.

2.2. Preparation of ARB stock {#s0020}
-----------------------------

ARB (Lot No. 20140204) was supplied by Shijiazhuang NO.4 Pharmaceutical Co. Ltd., Hebei, China. Acyclovir (ACV, Lot No: LRAA 9058) was purchased from Sigma Company, USA. ARB powders and ACV were dissolved at 10 mg/mL in dimethyl sulfoxide (DMSO), filtered through a 0.22 μm membrane and stored at 4 °C. If necessary, DMEM was used to dilute the substances to a suitable concentration.

Ointment was prepared as previously described with modifications \[[@bb0110],[@bb0115]\]. 80 mg ARB powder was extracted three times with 10 mL 100% ethanol. Then, the all ethanolic extracts were combined and concentrated at 70 °C. Simultaneously, 40 mg of Vaseline, followed by 40 mg of olive oil, was melted in another beaker as the oily phase of the mixture. The extract was heated to approximately 70 °C, and the hot solution was slowly added to the oily phase with continuous stirring until the mixture cooled to form a 50% ARB ointment.

The average body weight of the mice was calculated to be 16 g according to the experimental rules, and approximately 0.8 mg of ARB extract (namely, 1.6 mg ARB ointment) was administered vaginally daily, so the dosage of ARB ointment was assumed to be 100 mg/kg/d.

2.3. Toxicity test (MTT) {#s0025}
------------------------

Vero cells were seeded into 96-well plates at 2 × 10^4^ cells per well \[[@bb0120]\]. Once the cells were grown into confluent monolayers, the culture was aspirated, washed with PBS twice, and the drugs were added at 100 μL/well (2-fold dilution). Then, the cells were incubated at 37 °C and 5% CO~2~ for 3 days, MTT solution (5 mg/mL) was then added, and the cells were incubated at 37 °C and 5% CO~2~ for an additional 4 h. The supernatant was discarded, and 100 μL of dimethylsulfoxide (DMSO) was added to each well. The absorbance was measured at 490 nm using a microplate reader. The 50% toxicity concentration (TC~50~) was calculated using the Reed-Muench method \[[@bb0125]\].

2.4. Antiviral effect assay {#s0030}
---------------------------

The antiviral activity of ARB was detected with the cytopathogenic efficiency (CPE) method and the MTT assay. Drugs were dissolved in DMEM medium and serially diluted to seven concentrations. Vero cells were inoculated into 96-well plates, grown to confluency (approximately 24 h) and then washed twice with PBS.

For the treatment assay, 100 μL of diluted HSV-2 (100 TCID~50~) was added to each well. After incubation at 37 °C and 5% CO~2~ for 2 h, the supernatant was discarded, and the drug was added to the wells for incubation at 37 °C and 5% CO~2~ for another 72 h. The 50% inhibitory concentration (IC~50~) was calculated with the Reed-Muench method. The pretreatment assay \[[@bb0130]\] was performed with cells treated with ARB at the indicated concentration for 2 h at 37 °C before infection. For the direct action assay \[[@bb0135],[@bb0140]\], the virus was preincubated with ARB at the indicated concentrations for 2 h before being added to the cell culture. Both infections were incubated at 37 °C in 5% CO~2~ for 2 h, and the medium was then aspirated. Cells were rinsed with PBS and incubated with medium for another 72 h. Finally, the supernatant was collected for the TCID~50~ assay.

The attachment assay described by De Logu et al. \[[@bb0145]\] was performed in this study with a minor modification. The cell monolayer was infected with virus in the presence of serial dilutions of ARB at the indicated concentrations and incubated at 4 °C for 2 h. After that, the medium was aspirated to remove free virus. The infected cells were then washed with PBS three times and added to medium for further 72 h incubation. The supernatant was collected for the TCID~50~ assay.

According to published papers \[[@bb0120],[@bb0130]\], the penetration assay of HSV-2 into Vero cells was performed with minor modifications. The cell monolayer was infected with virus and incubated at 4 °C for 2 h to allow the attachment of HSV-2. Then, ARB was added at the indicated concentrations, and the culture was incubated at 37 °C for 3 h to allow the entry of the virus. The infected cell monolayer was treated with PBS (pH 3) for 1 min to inactivate nonpenetrated virus. Subsequently, the PBS was removed, and fresh medium was added to the infected cells. After a further 72 h of incubation, the supernatant was collected to determine the virus titers by the TCID~50~ assay.

2.5. Time-course assay {#s0035}
----------------------

To determine the possible stage(s) of the viral life cycle targeted by ARB, a time-course assay was performed as previously described \[[@bb0130]\] with minor modifications. Vero cells were seeded in 24-well plates at a density of 1.0 × l0^5^ cells/mL. The cells were cultured at 37 °C and 5% CO~2~ until the cells grew into monolayers and then were washed twice with PBS. Vero cell monolayers were infected with HSV-2 (100 TCID~50~) and then treated with ARB at the indicated time points. After incubation at 37 °C and 5% CO~2~ for 24 h, the virus supernatant and cells were harvested, and virus yields were determined by the TCID~50~ method.

2.6. In vivo antiviral activity of ARB {#s0040}
--------------------------------------

To evaluate the anti-HSV-2 activity of ARB in vivo, in this study, we established a mouse vaginitis model by vaginal infection with the HSV-2. All animal experiments were performed in the Animal Research Center at the Guangzhou Institute of Respiratory Health. Female SPF Kunming mice (20--22 g) were randomly divided into 6 groups with 10 mice in each group as follows: normal group, virus group, ACV-treated (100 mg/kg/d) group, ARB-treated (100 mg/kg/d) group, ARB ointment-treated (100 mg/kg/d) group and ointment vehicle group. Progesterone (0.1 mL) was injected subcutaneously 5 days prior to infection, making animals enter the estrous cycle, which increases susceptibility to HSV-2 \[[@bb0150]\]. The mice in the ARB treatment groups were treated with ARB (100 mg/kg/d) orally or intravaginally, twice per day for 10 days; the ARB ointment was applied with a micropipette and spread over the infected site. ACV (100 mg/kg/d) was given orally according to the manufacturer\'s instructions. The mice in the normal and negative groups were administered equivalent amounts of saline. The ointment vehicle group was treated with an equivalent amount of control ointment after infection. 50 μL HSV-2 solutions (10^6^ PFU/mL) were used to infect in the vaginal surface area, while saline was administered to the normal control. The mice in each group were observed daily for 15 days to calculate the survival rate, death protection, survival time and body weight change.

For the infection assay experiment, vaginal lavages were obtained 3 days after infection and evaluated for viral shedding. As reported in the literature, input virus could not be detected within 6 h of inoculation, and viral shedding by infected animals reached a maximum at 3 days. 40 μL precooled DMEM was delivered to the vagina and pipetted in and out 12 times to maximize viral recovery. The vagina was rinsed twice, and the collected vaginal lavages were mixed. To remove any drug that might remain in the lavage fluid, the mixed lavage fluid was ultrafiltered with an Amicon Ultra ultrafiltration tube. All the liquid in the centrifuge tube was recovered. The total volume was adjusted to 150 μL with DMEM in a 1.5 mL tube \[[@bb0155]\]. The supernatant was then placed on Vero cells to determine the viral titer by TCID~50~ according to the Reed-Muench method. Cytopathic effect (CPE) was scored 48 h later, and mice whose lavage cultures displayed CPE were considered infected. This assay is more rapid and sensitive than the observation of visible lesions or death, both of which are more dependent on the hormonal and immune status of the mice \[[@bb0160]\].

To further determine whether ARB could affect the immune status of the mice, the spleen was scored by the spleen index. After ARB treatment, mouse body weight was recorded, and the mice were sacrificed to dissect their spleens. After rinsing with 0.9% saline and drying with absorbent paper, the spleen was weighed. The spleen index and spleen index inhibition rate were calculated according to the following formula \[[@bb0165]\].$$\text{spleen\ index}\left( \% \right) = \frac{m_{\text{spleen}}\left( {mg} \right)}{m_{\text{body\ weight}\mspace{14mu}}\left( g \right)} \times 100\%$$ $$\text{spleen\ index\ inhibition\ rate}\ \left( \% \right) = \frac{\text{spleen\ index\ in\ negative\ group} - \text{spleen\ index\ in\ treatment\ group}}{\text{spleen\ index\ in\ negative\ group}} \times 100\%$$

Groups of four other mice were set up for histopathological experiments. The animals in each group were sacrificed on day 5 post viral exposure before dissecting out the vagina. The vagina were harvested and fixed in 4% paraformaldehyde solution. Subsequently, the tissues were processed for paraffin embedding and cut into 4-μm-thick sections for standard hematoxylin and eosin (H&E) staining.

2.7. Detection of cytokines by ELISA assay {#s0045}
------------------------------------------

After finishing treatment (5 days after infection), the blood was immediately collected from three randomly selected mice from each group, and the serum obtained by centrifugation at 4000 r/min, 4 °C for 10 min was used for the detection of serum cytokines. The levels of pro-inflammatory cytokines (IL-2, IL-4, TNF-α and TGF-β) were evaluated using enzyme-linked immunosorbent assays (ELISA) (USA R&D Systems) used according to the manufacturer\'s instructions. The OD at 450 nm was read immediately using a microtiter plate reader. The serum was aliquoted into an EP tube and stored at −20 °C. Samples were not repeatedly frozen and thawed.

2.8. Effect on T lymphocyte subsets in the peripheral blood of mice {#s0050}
-------------------------------------------------------------------

The animal model was established as described in [Section 2.6](#s0040){ref-type="sec"}. On the 5th day after infection, the peripheral blood was taken from the mouse eyeball by retro-orbital puncture. 100 μL of blood was incubated with FITC-labeled anti-mouse CD4 monoclonal antibody (eBioscience, 11-0042-82), PE-labeled CD8 anti-mouse monoclonal antibody (eBioscience, 17-0081-82) and PE-Cyanine7- labeled anti-mouse CD3e monoclonal antibody (eBioscience, 25-0031-82) for 30 min in the dark. After washed 3 times with PBS, the stained blood was incubated with red blood cell lysis buffer for 15 min; then, the blood was analyzed for the percentage of CD4^+^ and CD8^+^ cells by flow cytometry. The experimental results were analyzed using FlowJo software.

2.9. Statistical analysis {#s0055}
-------------------------

The data were processed using GraphPad Prism 5 and expressed as the means ± S.D. Statistical differences between 2 groups were determined using Student\'s *t*-test. For multiple groups, one-way ANOVA analysis was used to compare the means. *p* \< 0.05 was considered as a significant difference between groups.

3. Results {#s0060}
==========

3.1. Cytotoxicity of ARB on Vero cells {#s0065}
--------------------------------------

While growing in monolayers, Vero cells were treated with ARB at concentrations of 300, 150, 75, 37.5, 18.750... 0.293 μg/mL to investigate ARB cytotoxicity. After incubation for 72 h, cell viability was evaluated by CPE and MTT assays. ARB showed toxicity, and the 50% toxic concentration (TC~50~) of ARB on Vero cells was 32.32 μg/mL ([Fig. 1](#f0005){ref-type="fig"}A), which was calculated by regression analysis of the dose-viability curve. Similarly, the TC~50~ of ARB in the cell pretreatment assay and the virus pretreatment assay was 54.32 μg/mL when the drug was incubated for 2 h ([Fig. 1](#f0005){ref-type="fig"}B). Therefore, 25 μg/mL was adopted as the experimental maximum concentration, and had a \>70% cell survival rate.Fig. 1The toxicity of ARB on Vero cells. MDCK cells were treated with ARB at the indicated concentrations for 72 h (A) and 2 h (B, in the cell pretreatment assay and the virus pretreatment assay). The TC~50~ of ARB was determined by using MTT assay. Each spot is representative of three independent experiments. Data are expressed as the mean ± S.D.Fig. 1

3.2. Antiviral activity of ARB on HSV-2 in vitro {#s0070}
------------------------------------------------

The antiviral efficacy of ARB against HSV-2 in vitro was first evaluated by MTT assay. With continuous ARB presence at 2 h post infection, a dose-dependent inhibition of infection was observed with a 50% inhibitory concentration (IC~50~) value of 4.77 μg/mL ([Fig. 2](#f0010){ref-type="fig"} ) (SI = 6.82). Additionally, the effect of the positive control drug ACV against HSV-2 was investigated through comparison with the virus control group, and showed a good protective effect with an IC~50~ value of 33.135 μg/mL (SI = 5.91) ([Table 1](#t0005){ref-type="table"} ).Fig. 2Cell viability of ARB on HSV-2 in vitro in dose-dependent manner.Fig. 2Table 1IC~50~ values of ARB on Vero cells as determined by the CPE method and MTT assay.Table 1DrugsTC~50~ (μg/m)HSV-2 (CPE assay)HSV-2 (MTT assay)IC~50~ (μg/mL)SI[a](#tf0005){ref-type="table-fn"}IC~50~ (μg/mL)SI[a](#tf0005){ref-type="table-fn"}ARB32.605 ± 0.025.045 ± 0.336.464.77 ± 0.296.82ACV195.64 ± 11.3738.30 ± 6.675.1133.135 ± 7.015.91[^2][^3]

Some drugs can exert their antiviral activities by modifying membrane components of target cells \[[@bb0170]\] or directly targeting the virus \[[@bb0120]\]. To elucidate whether these are possible mechanisms for the anti-HSV-2 activity of ARB, cells and viruses were pretreated with ARB before the incubation for the virus yield assay. The results indicated that pretreatment of Vero cells with ARB at a concentration of 25 μg/mL did not significantly inhibit HSV-2 replication (IC~50~ \> 32 μg/mL, SI \< 1, data not shown). In addition, pretreatment of HSV-2 with 25 μg/mL ARB did not profoundly depress progeny viral yield (IC~50~ \> 50.85 μg/mL, SI \< 1, data not shown). These results suggested that the antiviral activity of ARB did not exist in cells or viruses before viral entry.

3.3. ARB markedly inhibits the late stage of the HSV-2 replication cycle {#s0075}
------------------------------------------------------------------------

To characterize the specific stage(s) of the HSV-2 replication cycle impeded by ARB, we performed a time-of-addition assay to characterize its inhibitory actions in vitro. Briefly, ARB was removed from Vero cells at the indicated time after virus addition: 3 h p.i., 6 h p.i. and 24 h p.i. Subsequently, the progeny virus yield was determined by the TCID~50~ method \[[@bb0175]\]. As shown in [Fig. 3](#f0015){ref-type="fig"} , ARB inhibited progeny virus production by up to approximately 40% (*p* \< 0.01) when treatment lasted 24 h, while no significant reduction of progeny virus was observed when ARB was removed after 3 h p.i. and 6 h p.i. (*p* \> 0.05).Fig. 3Time-course analysis of ARB inhibitory effects on HSV-2 virus replication. Vero cells infected with 100 TCID~50~ HSV-2 virus were treated with ARB (25 μg/mL). Then, ARB was removed at 3 h p.i., 6 h p.i. and 24 h p.i.. After freezing and thawing three times, the supernatants were collected and determined virus titers by TCID~50~ assay. Each value is represented as the mean ± standard deviation from three individual experiments (^⁎⁎^*p* \< 0.01).Fig. 3

The results revealed that ARB probably inhibited viral assembly or release in the late step of the HSV-2 replication cycle unlike ACV, which inhibits the virus-encoded thymidine kinase and DNA polymerase activity at the middle step of the life cycle \[[@bb0180]\].

3.4. Effect of ARB on HSV-2 attachment and entry {#s0080}
------------------------------------------------

According to the results of the time-of-addition assay, ARB affected the late stage of HSV-2 infection. To further verify whether ARB blocks HSV-2 replication at the early stage, the attachment and entry assays for HSV-2 were individually carried out with ARB at 25 μg/mL. As shown in [Fig. 4](#f0020){ref-type="fig"} , the virus yield from both HSV-2 attachment and penetration assays was not significantly decreased at an ARB concentration of 25 μg/mL. These results are consistent with the hypothesis that viral inhibition occurs in the late stage of the replication cycle.Fig. 4Effect of ARB treatment on the attachment and penetration of HSV-2.For the attachment assay, the cell monolayer was infected with 100 TCID~50~ HSV-2 in the absence or presence of ARB at the indicated concentrations and incubated at 4 °C for 2 h. For the penetration assay, the cell monolayer was infected with virus and incubated at 4 °C for 2 h. Then, ARB was added at the indicated concentrations for another 2 h of incubation. The infected cell monolayer was treated with PBS (pH 3) for 1 min. Fresh medium was then added to remove acidic PBS for 6 times. After that, fresh medium was added for further 72 h incubation. The supernatant was collected to determine the virus titers by the TCID~50~ assay. Each point represents the mean ± S.D. for three independent experiments.Fig. 4

3.5. In vivo efficacy of ARB against the HSV-2 infected mouse vaginal epithelium {#s0085}
--------------------------------------------------------------------------------

To evaluate the anti-HSV-2 activity of ARB in vivo, we tested the drug in a mouse model of vaginitis. The mice were observed daily, and symptom onset, body weight, survival time and the number of deaths were recorded for 15 days. The survival rate of mice administered ARB ointment intravaginally (100 mg/kg/d) was 80% when therapy was initiated 5 days before viral inoculation, which was unexpectedly the same as in the ACV-treated group ([Fig. 5](#f0025){ref-type="fig"}B and [Table 2](#t0010){ref-type="table"} ). ARB ointment (100 mg/kg/d) also inhibited the decrease in body weight ([Fig. 5](#f0025){ref-type="fig"}A) and suppressed the increase in mouse spleen index compared to the ointment vehicle group ([Fig. 5](#f0025){ref-type="fig"}C). Interestingly, the average survival time, average body weight change and spleen index showed no significant differences compared to the virus group (*p* \> 0.05) when ARB (100 mg/kg/d) was orally administered.Fig. 5Antiviral activity of ARB against HSV-2 infection in a mouse vaginitis model. (A) Body weight change of mice after HSV-2 infection. (B) Survival analysis of HSV-2-infected and ARB-treated Kunming mice. (C) Spleen index was calculated as ratio of spleen weight (mg/mouse) to body weight (g/mouse) on day 5 d.p.i. Asterisks indicate statistical differences compared the virus group (^⁎^*p* \< 0.05, ^⁎⁎^*p* \< 0.01, ^⁎⁎⁎^*p* \< 0.001).Fig. 5Table 2Effect of ARB treatment on the protection of mice infected intravaginally with HSV-2.Table 2GroupSurvivors/totalProtection indexAverage survival time (d)ARB ointment (100 mg/kg/d)8/10^⁎⁎⁎^71.4%14.1 ± 1.91ARB (100 mg/kg/d)3/100%11.8 ± 2.49ACV (100 mg/kg/d)8/10^⁎⁎⁎^71.4%14.3 ± 1.64Virus group3/10^\#^--12.0 ± 2.62Normal group10/10100%\>15.0[^4]

3.6. Effect of ARB on viral titers in vaginal lavage fluid in a mouse vaginitis model {#s0090}
-------------------------------------------------------------------------------------

The progeny virus replication in the vagina was then assessed in female mice infected with HSV-2. Following intravaginal infection with 50 μL HSV-2, vaginal lavage fluid was collected by washing repeatedly with precooled DMEM at 3 d.p.i to quantify virus titers by the TCID~50~ assay ([Fig. 6](#f0030){ref-type="fig"} ). Consistent with the ACV-treated group, ARB ointment (100 mg/kg/d) could significantly attenuate progeny virus replication in the infected vagina with statistical significance compared to the ointment vehicle group (*p* \< 0.05), whereas HSV-2 was present at similarly high titers in the ARB oral treatment group and the virus group (*p* \> 0.05) ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6Replication of HSV-2 after ARB ointment treatment is markedly attenuated in mice vaginitis model compared to that of mice in the virus group. The asterisks refer to the level of significance: ^⁎^*p* \< 0.05.Fig. 6

3.7. ARB ointment alleviated vaginal pathology induced by HSV-2 infection {#s0095}
-------------------------------------------------------------------------

On day 3 post infection, many neutrophils, necrotic areas and lymphocyte aggregates microscopically were observed in the vaginal submucosa and adipose tissue in the mice of the virus group and the ointment vehicle group ([Fig. 7](#f0035){ref-type="fig"}A and E). As expected, unapparent vaginal mucosal lesions were observed in the ARB ointment-treated group ([Fig. 7](#f0035){ref-type="fig"}D), with a few neutrophil infiltrations and hemorrhages in the mucosal layer, which was not significantly different from the ACV-treated group ([Fig. 7](#f0035){ref-type="fig"}B). It is also noticeable that in the vaginal tissue of female mice treated orally with 100 mg/kg/d of ARB, the lesions were as serious as the severe acute purulent inflammation with necrosis in the vaginal epithelium seen in untreated infected tissue ([Fig. 7](#f0035){ref-type="fig"}C). These results clearly demonstrated the potent activity of ARB ointment (100 mg/kg/d) against vaginitis caused by HSV-2 infection in vaginal tissue.Fig. 7ARB ointment improved vaginal epithelial histopathological changes induced by HSV-2 infection. A: Virus group; B: ACV-treated group (100 mg/kg/d); C: ARB-treated group (100 mg/kg/d); D: ARB ointment-treated group (100 mg/kg/d). Sections are histopathologic findings by hematoxylin and eosin-stained (H&E stain) for vaginal tissues isolated from HSV-2-infected female mice at 3 d.p.i. Magnification 100×.Fig. 7

3.8. Effects of ARB on inflammatory cytokines in the peripheral serum of mice infected with HSV-2 {#s0100}
-------------------------------------------------------------------------------------------------

To evaluate whether ARB affects virus-induced inflammatory cytokines, ELISA assays for IL-2, IL-4, TNF-α and TGF-β were conducted on day 5 post-infection. As shown in [Fig. 8](#f0040){ref-type="fig"} , IL-2, IL-4 and TGF-β were significantly downregulated following infection with HSV-2 and posttreatment with ARB ointment (100 mg/kg/d) compared to the levels in the mice in the virus group and the ointment vehicle group (*p* \> 0.05). However, the level of TNF-α was showed no significant difference (*p* \< 0.05).Fig. 8The expression levels of IL-2, IL-4, TGF-β and TNF-α in the peripheral blood in mice infected with HSV-2 after ARB treatment. Female mice were infected intravaginally with HSV-2 virus and serum was collected from peripheral blood in each experimental group on day 5 post infection. The supernatants were determined by ELISA assay (compared with virus group, ^⁎^*p* \< 0.05, ^⁎⁎^*p* \< 0.01).Fig. 8

3.9. ARB ointment significantly regulated CD4 and CD8 T lymphocyte subsets in the peripheral blood {#s0105}
--------------------------------------------------------------------------------------------------

To assess the influence of ARB ointment on the T cell subgroups in peripheral blood, we measured CD3^+^CD4^+^ and CD3^+^CD8^+^ T cell populations in the peripheral blood of mice treated with drugs or left untreated by flow cytometry. A significant higher ratio of CD4^+^/CD8^+^ T cells was found in the peripheral blood of the ARB ointment-treated group and ACV-treated group than in the virus group ([Table 3](#t0015){ref-type="table"} ).Table 3The effect of ARB on T cell subgroup in blood mice ($\overline{X}$ ± S, n = 4).Table 3GroupDose (mg/kg/d)CD4^+^ T cell (%)CD8^+^ T cell (%)CD4^+^/CD8^+^Virus group--55.750 ± 4.35231.725 ± 5.8991.786 ± 0.214Normal group--62.550 ± 0.03525.825 ± 2.5672.438 ± 0.243ACV P.O.10043.875 ± 5.77519.75 ± 2.9222.230 ± 0.183\*ARB P.O.10050.150 ± 11.84127.175 ± 8.1781.873 ± 0.188ARB ointment10064.325 ± 3.68530.675 ± 2.8222.104 ± 0.130\*Ointment vehicle--44.925 ± 7.58728.300 ± 4.7991.591 ± 0.090[^5]

4. Discussion {#s0110}
=============

HSV is one of the pathogens that causes the most common sexually transmitted infections (STIs). Infection always leads to some severe diseases, such as genital herpes \[[@bb0185]\], vaginitis \[[@bb0185]\], and encephalitis \[[@bb0035]\], and increases the risk of HIV acquisition \[[@bb0190]\] so that HSV-2 infection has been recognized as an important marker for HIV-1 infection. HSV persists indefinitely, can be shed for years and can reactivate, which is probably one of the reasons that the prevalence of genital herpes in developing countries has increased in recent decades \[[@bb0195]\]. Therefore, the development of novel antiviral strategies is critically required for counteracting the emergence of HSV-2. Previous studies have shown that ARB has an inhibitory effect on enveloped and nonenveloped RNA and DNA viruses, including some variant strains of amantadine and oseltamivir \[[@bb0060],[@bb0200],[@bb0205]\], by targeting different the stages of virus replication cycle \[[@bb0210]\]. We have recently reported the activity of ARB in suppressing influenza A virus (H1N1) propagation in vitro \[[@bb0105]\]. Furthermore, in this paper, we found that a nontoxic concentration of ARB is effective for blocking the cytopathic effect induced by HSV-2 in a dose-dependent manner in the late stage of the virus replication cycle but has no direct inactivating effect on HSV-2 itself nor does it interfere with the adherence of the virus to the cell surface, which is consistent with the data documented for HSV-1 virus \[[@bb0215]\], HCV virus \[[@bb0045]\] and Hantaan virus \[[@bb0065]\]. Based on the results, we speculate that ARB is most likely to affect the assembly and release of progeny virus; however, further study is necessary to explain specific mechanism impacting the replication cycle.

Weight changes, survival rates and life protection rates are important indicators for evaluating the efficacy of antiviral drugs. In a recent study, ARB could ameliorate the development of skin lesions caused by HSV-1 in cutaneous infected guinea pig models \[[@bb0215]\]. Hai-ying Deng. et al. also demonstrated that oral administration of ARB increased both survival rate and mean time to death (MTD) in mice infected with HTNV virus \[[@bb0065]\]. In our study, however, oral administration of ARB only slightly improved the weight loss, survival rate and release of virus particles at the infected vaginal site caused by HSV-2 infection, and showed no significant difference compared to the virus group. This may be because the distribution of the drug in mice was rapid and extensive after intragastric administration of ARB, and the maximum concentrations of drug mainly appear in the digestive tract such as stomach, small intestine, and large intestine, followed by the target organs such as lung, spleen and liver, but the concentration in the genitalia is low due to the drug\'s pharmacokinetics \[[@bb0085]\]. It is also likely that ARB, rather than its metabolites, exerts antiviral and anti-inflammatory effects. Based on this, we specifically prepared ARB ointment for the treatment of vaginal infection sites. Interestingly, the results showed that ARB ointment could significantly alleviate vaginal pathology, increase the survival rate, prolong the survival time, and delay the weight loss induced by HSV-2 viral infection as well as inhibit the release of progeny virus.

Activating the immune response is an efficient way to interfere with viral infection, as this system is responsible for virus elimination. Cytokines play an important role in the activation of immune system, the regulation of the immune responses and the promotion of viral clearance \[[@bb0220]\]. Suppression of these cytokines can potentially control the severity of virus-induced inflammatory complications and essentially reduce mortality. Recent studies have found that most patients infected with HSV, especially those with recurrence, have an immunologic defect associated with lacking T cells \[[@bb0225]\]. Perfetto B. et al. further noted that ARB could regulate the HSV-induced overexpression of cytokines such as IL-6, TNF-α and TGF-β \[[@bb0080]\]. Previously, we reported that several proinflammatory cytokines induced by influenza (IL-10, TNF-α, IL-8, IP-10, MCP-1, RANTES and IL-6) were downregulated by posttreatment with ARB in mice and ferrets \[[@bb0105]\]. Therefore, we hypothesize that ARB may suppress HSV-2 infection by modulating the expression of inflammatory cytokines (IL-4, IL-2, TGF-β) because it could act as an immunomodulator to drive the host cells to exert an antiviral response against HSV-2.

It has been documented that the spleen is the largest peripheral immune organ and whose structure directly affects the host\'s immune function. To a certain extent, the spleen index is one of the important indicators of immune function, and its value change can reflect the state of the body\'s immune function after hypersensitivity occurs \[[@bb0230]\]. In this paper, the results showed that the spleen index values at 5 d.p.i. of the HSV-2-infected mice significantly increased compared with those of mice in the normal control group (*p* \< 0.001), indicating that the immune function of HSV-2-infected mice was compromised; however, this is in contrary to previous reports \[[@bb0235]\]. This may be due to the difference in infection time. We calculated the spleen index on the 5th day after infection; however, the document indicated that at the early stages of viral infection, the immune function was disordered due to the infection, resulting in compensatory hyperplasia of the spleen \[[@bb0240]\], so that the spleen index values of the virus group and the ointment vehicle group were higher than that of the normal group. With the prolongation of the infection time, the condition of the infected mice gradually increased and the spleen atrophied. Another reason that might explain this difference is the different routes of infection. We directly inoculated the vagina with HSV-2, which activated the immune system earlier than oral administration. Based on our results, ARB ointment can delay the compensatory hyperplasia of the spleen and weight loss caused by HSV-2, indicating that ARB ointment can effectively modulate the body\'s immune function, balance the body\'s cytokine levels and suppress the disorders caused by HSV-2 infection.

The elimination of viral antigens mainly relies on cellular immunity and humoral immunity, especially for the clearance of intracellular viruses. Among the immune participants, CD4^+^ T cells and CD8^+^ T cells play an important role. Studies have shown that in the absence of HSV-2 antibodies, initiation of replication-deficient virus-induced T cell responses may be effective against HSV-2 infection; CD4^+^ T cells are essential, and their secreted cytokines can promote CD8^+^ T cells enter into HSV-2-infected tissues \[[@bb0245]\]. Jia Zhu et al. found that when genital tract subclinical HSV-2 infections recur, virus-specific CD8^+^ T cells will accumulate around the sensory nerves of the genital tract \[[@bb0250]\], indicating that CD8^+^ T cells play an important role in clearing the activation virus. At the same time, the related cytokines secreted by CD4^+^ and CD8^+^ T cells may be involved in cellular immune responses during viral infection. Our results showed that the ratio of CD4^+^/CD8^+^ T cells in the peripheral blood of the ointment vehicle group and the virus group was lower than in the normal group. Interestingly, the ratio of CD4^+^/CD8^+^ is significantly higher after treatment, suggesting that ARB ointment exerts an immunomodulatory effect that enhances the immune function to eliminate HSV-2 in the host and prevents the recurrence of genital herpes.

Taken together, our results suggested that ARB potently possessed antiviral and immunomodulatory activities simultaneously, which blocked the proliferation of HSV-2 in a mouse vaginitis model. Moreover, we successfully prepared ARB ointment that could significantly reduce the expression of virally induced cytokine resulted in tissue damage. Consistently, immunohistochemistry analysis showed that ARB ointment dramatically attenuated the recruitment of inflammatory factors in vaginal epithelium. Despite this, the precise molecular mechanism through which ARB regulates host immunity remains unclear and the ointment preparation used in this study is not yet stable for clinical application. Therefore, more studies will be required to focus on the development of a topical formulation with, hopefully, more effectiveness and stability of ARB as a promising anti-HSV-2 drug. In addition, the degree to which these findings can be extended to other HSV-related disease but keratitis \[[@bb0085]\] and vaginitis requires further investigation.
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